Proso millet, also named broomcorn or common millet (*Panicum miliaceum* L.; Poaceae), was domesticated in Neolithic China ca. 10,000 BP ([@bib27]) and grown across Eurasia as a minor crop. The cultivation area of proso millet is about 0.32 million ha in China, with a total grain production of approximately 0.3 million tons per year ([@bib8]). Although the grain yield of proso millet is lower than that of major crops such as maize (*Zea mays* L.), wheat (*Triticum aestivum* L.), and rice (*Oryza sativa* L.), it was once cultivated as a large crop in northern China because of its much greater resistance to drought and unfertile soil than these major crops ([@bib8]). It was introduced to North America in the 18th century and used mainly for animal fodder and birdseed ([@bib2]). Across Eurasia, however, proso millet was important in the human diet before the introduction of other crops such as wheat, barley, and potatoes. More attention has been paid to this crop in China, India, Nepal, Pakistan, and Southeast Asian countries, where it is considered a functional food due to its high protein content (11.3--17% of grain dry matter), abundant antioxidant components, and dietary fiber ([@bib23]). A few reports have shown that the phytochemical components of proso millet can prevent certain cancers, heart disease, and relieve liver disease and diabetes ([@bib35]; [@bib6]; [@bib33]). The crop has high-water use efficiency, a short growing period (60--90 d), and a high adaptability and tolerance to semiarid climates ([@bib1]; [@bib13]). Hence, it is ideally suited to cultivation in areas with hot, dry, and short summer seasons ([@bib32]).

Although proso millet is important for both its nutritional and economic value as a source of food diversity, its genetics and breeding research have been largely neglected. Previously, 25 polymorphic microsatellite markers were developed through construction of a simple sequence repeat (SSR)--enriched library from genomic DNA of proso millet to assess 50 accessions of proso millet ([@bib5]). Another study documented that 4.67% (46 out of 983) of genomic SSR markers derived from rice, wheat, oat, and barley were successfully transferred into proso millet ([@bib18]). Although these available SSR markers from the genomic library, or other species, could be used for genetic analyses and marker-associated breeding in proso millet, most of them are constituted of noncoding DNA, involving a relatively small number and type of SSR repeats with low transferability across species. As next-generation sequencing costs decrease, many new SSR loci generated from these published transcriptomes in green plants could be derived from microsatellites in translated regions of the genome ([@bib16]). Such genic SSRs offer advantages over genomic SSRs because they detect variation in the expressed portion of the genome, so that gene tagging should give "perfect" marker-trait associations and, once developed, these markers, unlike genomic SSRs, may be used across a number of related species ([@bib14]; [@bib22]). Therefore, we used an economical and rapid strategy to develop an abundant and efficient number and type of SSR markers located in coding regions as a necessary and useful supplement to the previous research on genetic diversity in proso millet.

According to cytological investigations, proso millet is an allotetraploid cereal (2*n* = 4*x* = 36) ([@bib15]). Its genome progenitors are not clear, although phylogenetic data suggest *P. capillare* L. or a close relative as the maternal ancestor, with the other genome being shared with *P. repens* L. ([@bib21]). It has been reported that the variation among these proso millet accessions is low when studied by isozyme and microsatellite molecular markers, which likely reflects the double-bottleneck of polyploidization and domestication ([@bib39]; [@bib18]; [@bib20]).

Landraces of the crop and related species are inadequately used as genetic resources, although they may possess the potential for significant improvements in seed and forage yield as well as seed quality in the future. Here, we report on the transcriptome of proso millet. Using short reads from the Illumina sequencing platform, a nonredundant set of transcripts was generated for this species. Analyses of guanine-cytosine (GC) content, sequence similarity, functional categorization, and identification of SSRs provide a useful resource for future studies in proso millet.

MATERIALS AND METHODS
=====================

Plant material and sample collection
------------------------------------

Fifty-six accessions of proso millet were grown in the field at the agricultural experiment station of Shanxi Agricultural University (northern China, 37°25′N, 112°29′E) during summer 2015. These accessions were derived from 14 geographic regions of China ([Appendix 1](#app1){ref-type="app"}) and donated from the Chinese Crop Germplasm Resources Information System (CGRIS) and the Institute of Crop Genetic Resources (Shanxi Academy of Agricultural Sciences, Shanxi, China). The Neimenggu-Y1 cultivar, which is widely planted in Shanxi Province, was chosen for Illumina sequencing and de novo transcriptome assembly. The accessions in this study were used to evaluate and identify the suitability of the SSRs for further analysis of genetic distance. To ensure as many genes as possible were included in the transcriptome, six tissues of Neimenggu-Y1 (corresponding to no. 46 in [Appendix 1](#app1){ref-type="app"}) were harvested and pooled together for RNA-Seq. The six tissues included roots, young leaves, flag leaves, the fifth leaves numbered from top to bottom, young spikes, and mature spikes. There are three independent biological replicates for each tissue. These samples were snap-frozen in liquid nitrogen and kept at −80°C until further analysis.

RNA extraction, RNA-Seq, and transcriptome analyses
---------------------------------------------------

Total RNA from each tissue of Neimenggu-Y1 (no. 46 in [Appendix 1](#app1){ref-type="app"}) was isolated for RNA-Seq analysis according to the RNA quick extraction kit method (Tiandz, Beijing, China). RNA purity and concentration were checked using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). RNA integrity was assessed using an Agilent Analyzer IIx 2000 (28S:18S ≥ 1.5, RNA integrity number \[RIN\] ≥ 7.0) (Agilent Technologies, Santa Clara, California, USA). A total of 10 μg of RNA per tissue sample was pooled and used as input material for generating RNA-Seq libraries with a 175-bp cDNA insert fragment, according to the Illumina mRNA sequencing sample preparation guide. According to the manufacturer's instructions, these libraries were sequenced on the Illumina HiSeq 2000 platform (Illumina, San Diego, California, USA) using a paired-end (2 × 100 bp) sequencing method (Personalbio Corporation, Shanghai, China).

Sequence assembly and functional gene classification
----------------------------------------------------

The raw reads from the images obtained after sequencing were transformed into the FASTQ format. Clean reads were obtained by removing reads containing adapter, low-quality sequences with raw read quality \<Q20 and final read sequence length \<50 bp with a Perl script ([@bib29]). Meanwhile, the Q20, Q30, GC content, and level of sequence duplication of the clean data were calculated with the FastQC tool (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>). Subsequently, Trinity ([@bib12]) was used to assemble the sequencing information for the clean reads from all libraries to obtain nonredundant unigenes with default parameters (K-mer: 25, minimum contig length: 60). The minimum length of the assembled unigenes selected for further study was 200 nucleotides. The raw reads were submitted to the National Center for Biotechnology Information (NCBI) Sequence Read Archive (accession no. SRP083017, release date August 2017).

All assembled unigenes were compared to the NCBI nonredundant (Nr) protein databases (with *Zea mays* as reference protein) and Swiss-Prot by using BLASTX with a standard cut-off *E*-value of 1e^−5^ to search for homologs ([@bib7]). Based on the results of the Nr database annotation, BLAST2GO ([@bib7]) was used to obtain gene ontology (GO) annotations of assembled unigenes to better understand the distribution of gene functions at a macro level. The unigene sequences were also aligned to the Clusters of Orthologous groups of proteins (COG) database (<http://www.ncbi.nlm.nih.gov/COG/>) to predict and classify possible functions ([@bib36]). Meanwhile, the unigenes were assigned to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotations to analyze inner-cell metabolic pathways and the related gene functions using BLASTX ([@bib24]). Reads per kilobase of transcript per million mapped reads (RPKM) values were used to test expression of all unigenes and compare gene expression differences between different samples with RSEM software ([@bib26]). Differential gene expression analysis was conducted with the RSEM-EBSeq pipeline with specifications and control of false discovery rate (FDR) at level 0.05, as described ([@bib26]).

DNA extraction
--------------

Young leaves from 56 accessions were collected and frozen in liquid nitrogen prior to genomic DNA extraction using cetyltrimethylammonium bromide (CTAB) methods, to evaluate and identify the suitability of the SSRs for genetic distance analysis ([@bib30]). DNA concentrations and purity were detected by the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific), and their integrity was checked by gel electrophoresis analysis with the Horizontal Electrophoresis Systems (Bio-Rad Laboratories, Hercules, California, USA). The purified DNAs were diluted to 100 ng/μL and stored at −20°C.

Genic SSR loci identification and primer analysis
-------------------------------------------------

The unigene data of the proso millet transcriptome were modified as a standard output format (FASTA) and deposited to NCBI (Bioproject no. PRJNA339701). Microsatellites in the proso millet transcriptome were identified using the Perl script MIcroSAtellite identification tool (MISA; <http://pgrc.ipk-gatersleben.de/misa/>) according to the method of analysis for microsatellite distribution in monocots (*Brachypodium*, *Sorghum*, and *Oryza*) and dicots (*Arabidopsis*, *Medicago*, and *Populus*) ([@bib34]). To identify the presence of SSRs, only two to six nucleotide motifs were considered, excluding redundant single nucleotides such as (A)~n~ or (T)~n~, and the minimum repeat unit was defined as eight for dinucleotides and five for tri-, tetra-, penta-, and hexanucleotides. Compound SSRs were defined as ≥2 SSR loci interrupted by ≤100 bases. All of the SSR loci information and flanking sequences were generated by MISA. Then, according to the flanking sequence of the microsatellite loci, two perl scripts were used to design SSR primers by program invocation and interchange between MISA with Primer3 ([@bib37]) according to the following parameters: 100--280 bp amplicon size, 20 bp optimal primer length, and 50% optimal GC content; the annealing temperature was set at 50--65°C. Primers were synthesized by Sangon Co., Ltd. (Shanghai, China) (Appendix S1). Fourteen cultivars (shown in [Appendix 1](#app1){ref-type="app"}) derived from different geographic regions were selected to test the polymorphism of 229 random SSR loci. Each PCR product was studied using polyacrylamide gel electrophoresis (PAGE) at 60 W constant gain, and polymorphisms were detected by silver staining. To evaluate genetic diversity among all 56 accessions, 14 pairs of polymorphic SSR primers were chosen ([Table 1](#tbl1){ref-type="table"}, Appendix S1). Each PCR product was run on a 2% agarose gel at 120 V for a quality check. Subsequently, the PCR products were run on a Fragment Analyzer Automated CE system (Advanced Analytical Technologies, Ankeny, Iowa, USA), and polymorphisms were detected by fluorescence signal.

Optimal PCR conditions and programs were as follows. Each 25-μL reaction mixture contained 2.5 μL of 10× PCR buffer (plus Mg^2+^), 2 μL of dNTP (2.5 mM), 1 μL of each reverse and forward primer (10 pM), 0.5 μL of rTaq polymerase (2.5 U/μL, TaKaRa Bio, Otsu, Shiga, Japan), and 1 μL of genomic DNA template (100 ng/μL). DNA amplification was accomplished in a PCR system (PTC-200; MJ Research, Waltham, Massachusetts, USA) programmed at 94°C for 5 min for initial denaturation, then 35 cycles at 94°C (30 s)/55°C (30 s)/72°C (30 s), followed by an extension step for 10 min at 72°C.

SSR data analysis
-----------------

Fourteen highly polymorphic SSR primer combinations were selected as core SSR markers and used to analyze 56 proso millet varieties ([Table 1](#tbl1){ref-type="table"}). The effective number of alleles (*A*~e~) and polymorphism information content (PIC) were calculated using POPGENE version 1.32 ([@bib40]), and population genetic structure was calculated using STRUCTURE 2.3.4 ([@bib19]). The genetic relationships between the genotypes were calculated using the unweighted pair group method with arithmetic mean (UPGMA) cluster analysis. This analysis was carried out on the similarity matrix obtained from the proportion of shared fragments ([@bib28]) using the program NTSYS 2.1 ([@bib31]).

###### 

Characterization of 14 polymorphic genic SSR markers in proso millet.

  Marker ID   Repeat motif            *A*~e~   PIC value   Gene annotation
  ----------- ----------------------- -------- ----------- -------------------------------------------------------
  SXAU12      (AAC)~5~                2        0.5663      Misc RNA
  SXAU17      (GCA)~6~                2        0.6497      Hypothetical protein, mRNA
  SXAU32      (GGC)~6~                4        0.8084      Hypothetical protein, mRNA
  SXAU33      (GT)~9~                 3        0.5865      Unknown
  SXAU63      (CT)~9~                 3        0.7169      Hypothetical protein, mRNA
  SXAU92      (GCA)~6~                2        0.6847      Eukaryotic translation initiation factor 4 gamma-like
  SXAU95      (GCG)~6~                3        0.6999      Unknown
  SXAU100     (AG)~10~                1        0.1014      Zinc finger protein ZAT3-like
  SXAU118     (TCT)~5~X~86~(TTC)~6~   3        0.7496      Uncharacterized protein
  SXAU106     (AC)~10~                1        0.5762      Uncharacterized protein
  SXAU119     (CTG)~5~X~86~(GCT)~5~   2        0.6875      Uncharacterized protein
  SXAU132     (CCG)~5~X~76~(CGC)~5~   2        0.6248      Uncharacterized protein
  SXAU138     (AT)~8~X~60~(AAGG)~5~   4        0.7667      WRKY transcription factor 6
  SXAU227     (GCGAT)~5~              3        0.7402      B3 domain-containing protein

*Note*: *A*~e~ = effective number of alleles; PIC = polymorphism information content.

RESULTS
=======

Functional annotation and characteristics of de novo--assembled transcriptomes of proso millet
----------------------------------------------------------------------------------------------

Between 2.22 and 2.86 Gb of raw sequence data were obtained from each tissue sampled from Neimenggu-Y1. Filtering to a threshold of Q20 sequence quality produced 1.94--2.49 Gb of clean sequence data, accounting for 86.69--87.75% of the raw data, which was used to assemble contigs and transcripts for further analysis ([Table 2](#tbl2){ref-type="table"}). A total of 359,126 contigs and 178,020 transcripts were obtained from the processed reads using Trinity software ([@bib12]). Using BLASTX searches, 42,364,858 bp of assembled sequences were obtained from all of the RNA samples, covering 25,341 single genes with an average nucleotide length of 1672 bp ([Table 3](#tbl3){ref-type="table"}). The average GC content of these transcripts and unigenes in proso millet were 48.64% and 50.80%, respectively. The length distributions of transcripts and unigenes are shown in [Fig. 1](#fig1){ref-type="fig"}. BLASTX searches with these unigenes showed 24,621 (97.16%) and 25,341 (100%) nucleotide sequences were similar to those of *Setaria italica* (L.) P. Beauv. and *Zea mays*, respectively. From the combined total, only 7450 (29.39%) were highly homologous to proteins in the Swiss-Prot database. Of these, 5170 (20.4%) unigenes could be mapped to 146 KEGG pathways ([Fig. 2A](#fig2){ref-type="fig"}; Appendix S2), and the other unigenes showed only poor matches because of their short sequences. A significant similarity to the sequences available in the GO database was observed in 19,338 (76.31%) genes. Based on comparative transcriptome analysis, 2936 (11.59%) tissue-specific genes were identified from five tissue samples. These included 1058 genes from roots, 224 genes from the fifth leaves, 53 genes from mature leaves, and 133 and 128 genes from young and mature spikes, respectively ([Fig. 2B](#fig2){ref-type="fig"}). These genes were selected for GO annotation and classified into three subcategories, i.e., biological process (2779 genes in roots, 249 genes in mature spikes, 324 genes in the fifth leaves, 59 genes in flag leaves, and 204 genes in young spikes), molecular functions (1541 genes in roots, 144 genes in mature spikes, 251 genes in the fifth leaves, 63 genes in flag leaves, and 159 genes in young spikes), and cellular component (1425 genes in roots, 137 genes in mature spikes, 280 genes in the fifth leaves, 64 genes in flag leaves, and 174 genes in young spikes) ([Fig. 2C](#fig2){ref-type="fig"}).

###### 

Summary of RNA-Seq data in proso millet.

  Sample name                       Raw data (bp)   Clean data (bp)   Useful data (%)   GC (%)   Q20 (%)
  --------------------------------- --------------- ----------------- ----------------- -------- ---------
  Roots                             2,382,926,800   2,072,638,120     86.98             52.63    95.01
  Seedling leaves                   2,758,786,400   2,410,330,025     87.37             53.34    95.17
  Fifth leaf (from bottom to top)   2,862,374,400   2,497,088,922     87.24             52.51    95.17
  Flag leaves                       2,847,722,600   2,486,485,369     87.31             52.78    95.16
  Young inflorescences              2,344,015,800   2,056,826,835     87.75             52.37    95.35
  Mature spikes                     2,224,403,600   1,941,752,916     87.29             53.38    95.20

###### 

Statistics of transcriptome assembly in proso millet.

  Assembly quality parameters      No.
  -------------------------------- ---------
  Contigs generated                359,126
  Maximum contig length (bp)       17,623
  Average contig length (bp)       335.42
  Contig N50 value                 562
  Transcript generated             178,020
  Maximum transcript length (bp)   15,773
  Average transcript length (bp)   908
  Transcript N50 value             1546
  Unigene generated                25,341
  Maximum unigene length (bp)      15,773
  Average unigene length (bp)      1672
  Unigene N50 value                2199

![Sequence length distribution frequency in proso millet, using transcriptome data collected from six different tissue types, for (A) assembled transcripts and (B) assembled unigenes.](apps.1600137fig1){#fig1}

![Annotation and analyses of different genes expressed in proso millet, using transcriptome data collected from six different tissue types. (A) Genes annotated by GO functional category, KEGG pathway, Swiss-Prot protein data, *Setaria italica* genome data, and *Zea mays* genome data. (B) Venn diagram of differential expression gene analysis by comparing root (R), flag leaves (FL), the fifth leaves from top to bottom (L5F), young spike (EF), and mature spike (MF) with seedling leaves (SL) tissue transcriptome data. (C) GO functional category of differential gene expression in the above five tissues in this transcriptome data analysis.](apps.1600137fig2){#fig2}

Identification and functional annotation of genic SSR loci
----------------------------------------------------------

A total of 4724 genic SSR loci were identified from 42,364,858-bp mRNA sequences. These loci were mainly distributed among 4055 gene sequences with one SSR locus, with 567 genes containing more than one SSR locus. The SSR repeat motifs consisted of 24.96% dinucleotide, 71.85% trinucleotide, 2.43% tetranucleotide, 0.66% pentanucleotide, and 0.11% hexanucleotide repeat units ([Fig. 3A](#fig3){ref-type="fig"}). The dinucleotide AG/CT motif repeats were the most abundant type, accounting for 58.02% of all dinucleotide repeats ([Fig. 3B](#fig3){ref-type="fig"}). Of the trinucleotide SSR repeat motifs, the CCG/CGG repeats were the most abundant, accounting for 49.15% of all of trinucleotide repeat motifs, and AGC/CTG and AGG/CCT repeats accounted for 16.62% and 12.79%, respectively ([Fig. 3C](#fig3){ref-type="fig"}). The distribution frequency of dinucleotide repeats ranged from six to 12, and the trinucleotide repeat frequency ranged from five to 12. The frequency of other types of nucleotide repeats was generally five or six ([Fig. 4](#fig4){ref-type="fig"}). The most abundant SSR repeat motif was the (CCG/GGC)~5~ type; there were 1225 of these repeat motifs, accounting for 25.93% of all SSR repeats. These were classified into 24 groups by functional annotation by comparing protein sequences encoded by the genes containing SSR motifs using the COG database. Of the COG categories, the signal transduction mechanisms (T) group was the largest, accounting for 23.99% (973 genes) of all genes, followed by the unknown function group (S), accounting for 14.57% (591 genes) ([Fig. 5](#fig5){ref-type="fig"}).

![Identification and characteristics of genic SSR motifs from RNA-Seq data. (A) Frequency of di-, tri-, penta-, tetra-, and hexanuclotide SSR motif repeats. (B) Frequency of different dinucleotide SSR motifs. (C) Frequency of different trinucleotide SSR motifs.](apps.1600137fig3){#fig3}

![The distribution and frequency of SSR motif repeats. Blue bars = dinucleotide repeat motifs; red bars = trinucleotide repeat motifs; green bars = tetranucleotide repeat motifs; purple bars = pentanucleotide repeat motifs; light blue bars = hexanucleotide repeat motifs.](apps.1600137fig4){#fig4}

![Genes containing SSR motifs annotated by classification into clusters of orthologous groups (COGs). A = RNA processing and modification; B = chromatin structure and dynamics; C = energy production and conversion; D = cell cycle control, cell division, chromosome partitioning; E = amino acid transport and metabolism; F = nucleotide transport and metabolism; G = carbohydrate transport and metabolism; H = coenzyme transport and metabolism; I = lipid transport and metabolism; J = translation, ribosomal structure, and biogenesis; K = transcription; L = replication, recombination, and repair; M = cell wall/membrane/envelope biogenesis; N = cell motility; O = posttranslational modification, protein turnover, and chaperones; P = inorganic ion transport and metabolism; Q = secondary metabolites biosynthesis, transport, and catabolism; R = general function prediction only; S = function unknown; T = signal transduction mechanisms; U = intracellular trafficking, secretion, and vesicular transport; V = defense mechanisms; W = extracellular structures; X = mobilome, transposons; Y = nuclear structure; Z = cytoskeleton.](apps.1600137fig5){#fig5}

Genic SSR primer validation and polymorphism information
--------------------------------------------------------

Using online primer design tools, 229 genic SSR markers with one SSR motif were obtained by random selection from 4055 gene sequences. Based on PCR validation, 189 and 14 genic SSR markers showed monomorphic and polymorphic amplification products, respectively, whereas the remaining 26 genic SSR markers failed to generate PCR products at various annealing temperatures ([Table 2](#tbl2){ref-type="table"}, Appendix S1). Fourteen genic SSR loci with repeat motifs contained four dinucleotide, five trinucleotide, one pentanucleotide, and four compound formations, which are made of two combinations of (trinucleotide repeat)~n~-(trinucleotide repeat)~n~ and (dinucleotide repeat)~n~-(tetranucleotide repeat)~n~. Their PCR products showed 43 alleles in total and PIC ranged from 0.5663 to 0.8084. Of these genic SSR markers, the SXAU32 marker containing the (GGC)~6~ repeat motif displayed a higher number of polymorphic alleles (4) and a higher PIC value (0.8084) than other genic SSR markers (Appendix S3); the markers SXAU92, SXAU138, and SXAU227 belonged to the annotated function genes encoding *WRKY* transcript factor 6 (*WRKY6*), B3 domain-containing protein (*HIGH-LEVEL EXPRESSION OF SUGAR-INDUCIBLE GENE2-LIKE1* \[*HSL1*\]), and eukaryotic translation initiation factor 4 gamma-like (*EIF4G-like*), respectively. The rest of the markers belonged to hypothetical proteins or unannotated genes in the Nr database. We used the 14 genic SSR primer pairs as core primers to analyze genetic diversity among the proso millet germplasm collections from China.

Genetic population grouping of proso millet cultivars
-----------------------------------------------------

Based on the Bayesian (model-based algorithm) method, we analyzed genetic population clusters with STRUCTURE 2.3.4 ([@bib19]) to assess genetic diversity of the accessions. All estimated mean log probability data (Ln P(D)) with a *K* value from two to 15 were used to find the more likely number of clusters by following the formulas of [@bib10]. When *K* = 2 and Δ*K =* 149.34, we found one clear peak value for the optimum choice of this researched population of proso millet ([Fig. 6](#fig6){ref-type="fig"}). The 56 accessions from 14 geographic regions were classified into two subgroups ([Fig. 7](#fig7){ref-type="fig"}). The first group contained 19 accessions from Heilongjiang (five accessions), Shaanxi (two accessions), Shanxi (two accessions), Jilin (two accessions), Ningxia (two accessions), Inner Mongolia (two accessions), Gansu (one accession), Hebei (one accession), Anhui (one accession), and Shandong (one accession). The second group consisted of 37 accessions from the Loess Plateau (five each from Ningxia and Shaanxi, four from Gansu, and three from Shanxi), the Mongolian Plateau (three from Inner Mongolia), the Northeast Plateau (three from Liaoning, two from Heilongjiang, and two from Jilin), the North China Plain (three from Hebei), and other geographic origin (four from Qinghai, one from Shandong, one from Guangdong, and one from Xinjiang Uyghur Autonomous Region). Using UPGMA cluster analysis, the 56 accessions were clustered into two groups with a genetic similarity coefficient of 0.771 ([Fig. 8](#fig8){ref-type="fig"}). Group I comprised 31 accessions from the Loess Plateau (five from Shaanxi, three from Shanxi, four from Ningxia, and three from Gansu), the Mongolian Plateau (two from Inner Mongolia), the Northeast Plateau (three from Heilongjiang, two each from Liaoning and Jilin), the North China Plain (three from Hebei), and other geographic origin (two from Qinghai, one from Shandong, and one from Xinjiang). The remaining 25 accessions belonged to group II. Except for six accessions (two from Qinghai and one each from Ningxia, Liaoning, Gansu, and Guangdong), the results of the cluster analyses were completely consistent with the population structure analyses.

![The number of clusters (*K*) revealed in proso millet population genetic structure analysis using STRUCTURE 2.3.4 ([@bib19]).](apps.1600137fig6){#fig6}

![Barplots of Q assignment for each of 56 proso millet accessions at *K* = 2. The *x*-axis shows the 56 accessions; the *y*-axis shows Q assignments for each sample.](apps.1600137fig7){#fig7}

![Dendrogram of 56 proso millet accessions. This phylogenetic tree of proso millet accessions was constructed using unweighted pair-group method with arithmetic mean (UPGMA) cluster analysis. The accessions were clustered into two groups according to genetic similarity coefficient (0.771).](apps.1600137fig8){#fig8}

DISCUSSION
==========

In China, proso millet is widely cultivated over a large area and is a popular functional food compared to other minor crops. The largest collection of proso millet germplasm is held by the N. I. Vavilov All-Russian Research Institute of Plant Industry in St. Petersburg, with about 8778 accessions. A further 6517 proso millet germplasm resources are maintained at the Chinese Crop Germplasm Resources Information System in China ([@bib9]). Preliminary diversity clustering was based on agronomic traits such as flowering time, seed color, plant height, and inflorescence length ([@bib9]). Due to the lack of molecular markers and genome sequences in the public domain, some molecular markers used for proso millet have been derived from the sequence data of related species including switchgrass, rice, wheat, barley, and oats, or from a SSR-enriched genomic library ([@bib18]; [@bib5]). However, further research is urgently needed to provide tools for studying genetic diversity and identification of core germplasm resources.

The whole genome of foxtail millet (*Setaria italica*), which is a closely related species to proso millet, has been sequenced and published ([@bib3]; [@bib41]). Further efforts in genome, expressed sequence tag (EST), or RNA sequencing will help the development of molecular markers in these minor species. Recently, de novo transcriptome assembly from developing spikes in finger millet (*Eleusine coracana* (L.) Gaertn.) has produced 52,251 and 35,120 transcripts from two genotypes with different levels of calcium in seeds, from which 24,748 and 21,276 SSRs were identified and genic SSR markers developed for analysis of germplasm resources using the Illumina HiSeq 2000 platform ([@bib25]). This present study reported the de novo--assembled transcriptome analysis of proso millet without a reference genome, revealing 25,341 unique gene sequences and 178,020 transcripts. These sequences will be valuable for investigating gene structure and function and for identifying single nucleotide polymorphisms (SNPs), insertion/deletion polymorphisms (indels), and SSR loci to develop molecular markers. Compared to SNPs and indels, SSRs have the advantage of simple detection by PCR and direct gel electrophoresis, without the need for additional sample sequencing or resequencing. Therefore, in this study, we have developed a resource to detect genetic diversity of proso millet accessions in further analysis.

Previous analysis of genetic variation in proso millet, using 46 genomic microsatellites (SSRs) transferred from other cereal species and 25 SSRs developed from a genomic SSR-enriched library, showed highly polymorphic alleles with an average of 4.91 and 4.4 per locus, respectively ([@bib5]). Our results identified 43 alleles from 14 polymorphic genic markers (6.1%, 14/229) with an average of 3.3 per locus, which is lower than the above results, probably due to differences in molecular marker types and species sequence resources. Research comparing genomic SSR and EST-SSR markers for genetic diversity analyses in wheat, barley, and cucumber indicated that genomic SSRs (gSSRs) were enriched in the plant genome, with a high level of polymorphism and codominant inheritance ([@bib11]). Nonetheless, the availability of data for EST-SSR markers, which belong to the transcribed regions of DNA, are expected to be more conserved and have a higher transferability rate across species than gSSR markers ([@bib17]; [@bib11]; [@bib42]). We hope that these genic SSRs developed in proso millet can also be applied to assess genetic diversity of closely related species, such as foxtail millet (*Setaria italica*), pearl millet (*Pennisetum glaucum* (L.) R. Br.), and finger millet (*Eleusine coracana*).

Among cereal species, trinucleotide repeats are the most abundant (54--78%), followed by either dinucleotide or tetranucleotide repeats ([@bib38]). Our results in proso millet were consistent with previous results, with trinucleotide repeats accounting for 71.85%, dinucleotide repeats for 24.96%, and tetranucleotide repeats for 2.43%. Among the 4724 SSR loci derived from 4055 unique transcriptomic sequences, most (2059 genes) belonged to the unknown function group (S) in the COG classification, suggesting that (i) there is lower sequence variation in known genes in proso millet, or (ii) there has been lower evolutionary pressure because of shorter growth cycles and self-fertilization. Further investigation is needed to explore the correlation between genetic variation among these accessions and gene function related to physiological characteristics in proso millet. The SSR markers developed here from genes of known function displayed genetic variation between accessions and could be used as markers related to phosphorus utilization efficiency (*WRKY6*) and plant growth and development (*HSL1* and *EIF4G-like*) ([@bib4]).

A previous report suggested that there is a positive correlation between the geographic origin and genetic distance among 118 accessions using genome SSR data, and a lower genetic similarity coefficient for the accessions in the Loess Plateau ecotype compared to those from other ecotypes ([@bib18]). In contrast, our results indicated that these Chinese accessions showed no obvious correlation between genetic distance and geographic origin according to population structure and UPGMA cluster analysis. Based on the population structure analysis, 17 of 24 accessions from the Loess Plateau were classified into group I, accounting for 70.83% of the genetic variation, and the remaining accessions belonged to group II. These results suggest that the accessions from the Loess Plateau have a higher genetic similarity coefficient when compared to other ecotypes. Likewise, UPGMA cluster analysis resulted in a genetic similarity coefficient among 56 accessions that supported the same conclusion. The difference between our results and the previous reports may be due to differences in the accessions and types of marker used, or the properties of markers selected. The new set of genic SSR markers developed here should provide valuable genetic and genomic tools for further genetic research in proso millet, including genetic map construction, quantitative trait loci mapping, and marker-assisted selection.
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###### 

The 56 proso millet cultivars and their geographic origins in China.

  No.   Accession name    Cultivar area
  ----- ----------------- ----------------------------------------------------------
  1     Shaanxi-H         Shaanxi, China^a,c^
  2     HC-Red            Gansu, China^a,c^
  3     Shaanxi-B1        Shaanxi, China[^a^](#tblfn1){ref-type="table-fn"}
  4     Shaanxi-Purple    Shaanxi, China[^a^](#tblfn1){ref-type="table-fn"}
  5     Shanxi-1          Shanxi, China^b,c^
  6     Heilongjiang-Y1   Heilongjiang, China^a,c^
  7     Heilongjiang-Y2   Heilongjiang, China[^a^](#tblfn1){ref-type="table-fn"}
  8     Heilongjiang-R1   Heilongjiang, China[^a^](#tblfn1){ref-type="table-fn"}
  9     Heilongjiang-M1   Heilongjiang, China[^a^](#tblfn1){ref-type="table-fn"}
  10    Heilongjiang-B1   Heilongjiang, China[^a^](#tblfn1){ref-type="table-fn"}
  11    Heilongjiang-R2   Heilongjiang, China[^a^](#tblfn1){ref-type="table-fn"}
  12    Heilongjiang-Y3   Heilongjiang, China[^a^](#tblfn1){ref-type="table-fn"}
  13    Jilin-Y1          Jilin, China^a,c^
  14    Jilin-R1          Jilin, China[^a^](#tblfn1){ref-type="table-fn"}
  15    Liaoning-G1       Liaoning, China^a,c^
  16    Liaoning-G2       Liaoning, China[^a^](#tblfn1){ref-type="table-fn"}
  17    Neimenggu-B1      Inner Mongolia, China^a,c^
  18    Ningxia-M1        Ningxia, China^a,c^
  19    Shaanxi-B2        Shaanxi, China[^a^](#tblfn1){ref-type="table-fn"}
  20    Shaanxi-B3        Shaanxi, China[^a^](#tblfn1){ref-type="table-fn"}
  21    Neimenggu-Y2      Inner Mongolia, China[^a^](#tblfn1){ref-type="table-fn"}
  22    Ningxia-Purple    Ningxia, China[^a^](#tblfn1){ref-type="table-fn"}
  23    Gansu-G1          Gansu, China[^a^](#tblfn1){ref-type="table-fn"}
  24    Gansu-R1          Gansu, China[^a^](#tblfn1){ref-type="table-fn"}
  25    Shaanxi-L1        Shaanxi, China[^a^](#tblfn1){ref-type="table-fn"}
  26    Guangdong-G1      Guangdong, China^a,c^
  27    Anhui-M1          Anhui, China^a,c^
  28    Gansu-R2          Gansu, China[^a^](#tblfn1){ref-type="table-fn"}
  29    Shaanxi-W1        Shaanxi, China[^a^](#tblfn1){ref-type="table-fn"}
  30    Jilin-Br1         Jilin, China[^a^](#tblfn1){ref-type="table-fn"}
  31    Jilin-B1          Jilin, China[^a^](#tblfn1){ref-type="table-fn"}
  32    Liaoning-Purple   Liaoning, China[^a^](#tblfn1){ref-type="table-fn"}
  33    Hebei-R1          Hebei, China^a,c^
  34    Hebei-B1          Hebei, China[^a^](#tblfn1){ref-type="table-fn"}
  35    Shanxi-R1         Shanxi, China^b,c^
  36    Shanxi-R2         Shanxi, China[^b^](#tblfn2){ref-type="table-fn"}
  37    Shanxi-B1         Shanxi, China[^b^](#tblfn2){ref-type="table-fn"}
  38    Ningxia-G1        Ningxia, China[^a^](#tblfn1){ref-type="table-fn"}
  39    Ningxia-Y1        Ningxia, China[^a^](#tblfn1){ref-type="table-fn"}
  40    Shanxi-Y1         Shanxi, China[^b^](#tblfn2){ref-type="table-fn"}
  41    Shandong-Y1       Shandong, China^a,c^
  42    Ningxia-Purple    Ningxia, China[^a^](#tblfn1){ref-type="table-fn"}
  43    Hebei-H1          Hebei, China[^a^](#tblfn1){ref-type="table-fn"}
  44    Hebei-Y1          Hebei, China[^a^](#tblfn1){ref-type="table-fn"}
  45    Neimenggu-R1      Inner Mongolia, China[^a^](#tblfn1){ref-type="table-fn"}
  46    Neimenggu-Y1      Inner Mongolia, China[^a^](#tblfn1){ref-type="table-fn"}
  47    Ningxia-R1        Ningxia, China[^a^](#tblfn1){ref-type="table-fn"}
  48    Neimenggu-E1      Inner Mongolia, China[^a^](#tblfn1){ref-type="table-fn"}
  49    Ningxia-Y2        Ningxia, China[^a^](#tblfn1){ref-type="table-fn"}
  50    Shandong-W1       Shandong, China[^a^](#tblfn1){ref-type="table-fn"}
  51    Xinjiang-M1       Xinjiang Uyghur Autonomous Region, China^a,c^
  52    Gansu-Y1          Gansu, China[^a^](#tblfn1){ref-type="table-fn"}
  53    Qinghai-Y1        Qinghai, China[^a^](#tblfn1){ref-type="table-fn"}
  54    Qinghai-Br1       Qinghai, China[^a^](#tblfn1){ref-type="table-fn"}
  55    Qinghai-W1        Qinghai, China[^a^](#tblfn1){ref-type="table-fn"}
  56    Qinghai-W2        Qinghai, China[^a^](#tblfn1){ref-type="table-fn"}

Chinese Crop Germplasm Resources Information System (CGRIS).

Institute of Crop Genetic Resources, Shanxi, China.

Fourteen representative accessions used for detecting polymorphic microsatellite markers.
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